Introduction {#s1}
============

5-hydroxytryptamine (5-HT), also known as serotonin, is one of the major biogenic amines widely distributed in the insect central nervous system ([@i1536-2442-003-14-0001-evans1]; Nässel, DR and Cantera, R 1985), and is recognized as a neuromodulator and neurotransmitter ([@i1536-2442-003-14-0001-cymborowski1]; [@i1536-2442-003-14-0001-ali1]; [@i1536-2442-003-14-0001-cymborowski2]). In the central nervous system of insects, serotonin is expressed by a set of neurons that are easily identifiable ([@i1536-2442-003-14-0001-strambi1]; [@i1536-2442-003-14-0001-seidel1]). In addition, serotonin may play a morphoregulatory role during the ontogeny of the nervous system ([@i1536-2442-003-14-0001-seidel1]).

It has also reported that serotonin plays important roles in the circadian system of insects. There is a distinct correlation between the 5-HT level in the brain and the intensity of locomotor activity of cricket, Acheta domesticus. ([@i1536-2442-003-14-0001-muszynska-pytel1]; [@i1536-2442-003-14-0001-muszynska-pytel2]). A high level of serotonin in the hemolymph was found just after lights-off when locomotor activity was highest. Injection of 5-HT into the optic lobe of the cockroach shifts the circadian locomotor activity rhythms in a phase dependent manner ([@i1536-2442-003-14-0001-eskin1]; [@i1536-2442-003-14-0001-page1]) In the cricket, Grillus bimaculatus, sensitivity to the light stimuli of visual interneurons in the optic lobe is highest when the 5-HT content is also high. ([@i1536-2442-003-14-0001-tomioka1]). A more detailed study has shown that injection of 5-HT into the optic lobe of the house fly (Musca domestica) mimics the daily changes in the axonal size of the first-order large monopolar cell L1. ([@i1536-2442-003-14-0001-pyza2]). Recently it was found that there is a distinct correlation between locomotor activity rhythms and the size of two classes of interneurons, L1 and L2 in optic lobe of the blow fly, Calliphora vicina ([@i1536-2442-003-14-0001-pyza1]).

Apart from these studies, there are still a number of questions about how the serotoninergic system is involved in the circadian rhythms in insects. It seems that a very good approach to this issue would be to reduce 5-HT content within the nervous system using the specific neurotoxin 5,7-hydroxytryptamine (5,7-DHT) that causes selective degeneration of serotoninergic neurons both in vertebrates and in invertebrates ([@i1536-2442-003-14-0001-morin1]; [@i1536-2442-003-14-0001-dugar1]; [@i1536-2442-003-14-0001-sinhababu1]; [@i1536-2442-003-14-0001-pyza2]). For example, the periods (tau) of wheel running activity in mice can be changed depending on serotonin levels in their brains. The role of serotonin in the suprachiasmatic nucleus was measured during wheel-open and wheel-locked conditions ([@i1536-2442-003-14-0001-mistlberger1]). Mice exhibited a significant lengthening of period within 3 weeks when running wheels were locked. Immunocytohistochemical investigation confirmed 5-HT depletion in the suprachiasmatic nucleus. [@i1536-2442-003-14-0001-birthelmer1] found that 5,7-DHT lesions enhance, and serotoninergic grafts normalize, the evoked overflow of acetylchcholine in rat hippocampal slices of the brain.

To examine this further, the effects of injections of the neurotoxin 5,7-DHT on the circadian rhythms of locomotor activity in the blowfly were investigated. Our previous evidence, suggested that serotonin may play a role in the generation of circadian rhythmicity of behavior as well as of accompanying cellular processes, for example, in the daily changes in axonal size of some (L1 and L2) optic lobe interneurons. The approach used here was to investigate the role of serotonin in circadian rhythmicity by injection of 5,7-DHT. Changes in the flies\'s circadian rhythm of locomotor activity were examined, especially by investigation of changes in: (1) the overall level of the flies\'s locomotor activity (2) the period (τ), and (3) phase of the rhythm, depending on the time of injection.

Materials and Methods {#s2}
=====================

Flies {#s2a}
-----

The strain of the blow fly, Calliphora vicina, used in this study was collected in Warsaw. Maintenance of the stock culture was done as previously described by [@i1536-2442-003-14-0001-saunders1]. Flies were LD 18:6 h at 26 ± 0.5 °C. Flies used for each experiment came from the same larval culture, emerged at the same time, and were thus all of the same age.

Recording of locomotor activity {#s2b}
-------------------------------

Adult locomotor activity of the blow fly was recorded as described by [@i1536-2442-003-14-0001-cymborowski5] in 9-cm Petri dishes, with the recording device comprised an infrared light beam (5 mm diameter) passing vertically through one side of the dish onto a phototransistor. Sugar solution was provided through cotton wool wicks. Dishes were placed on a wooden platform that provided support for the infrared emitters and detectors. The whole assembly was then placed in a light-tight wooden box held at 26 ± 0.5 °C. Experimental flies were exposed to constant dark conditions.

Drug injection {#s2c}
--------------

All experiments were performed on adult flies of both sexes within 2--4 days of their emergence. The test protocol for all experiments was identical. At the beginning of the experiment, free-running locomotor activity was monitored under constant dark conditions. After short CO~2~ anaesthesia, the flies were injected with 0.5 mM of the neurotoxin 5,7-DHT (creatine-sulfate salt, Sigma, [www.sigmaaldrich.com](www.sigmaaldrich.com)) dissolved 1µl of insect saline/ascorbic acid (0.1%) in the abdomen using a Hamilton syringe. This dosage of 5,7-DHT was used after performing a preliminary experiment using different concentrations. The higher dosages caused higher mortality, the lower ones gave unclear results for statistical analysis. In this study a special computer system was used that shows the phase of fly\'s rhythm, making it possible to inject the drug at different circadian times. Control flies were handled by the same procedure, but received only solvent. It should be mentioned that doses of 5,6-DHT lower than 0.3 mM had no effect on fly\'s locomotor activity rhythm, therefore they served as controls as well. Each fly was used only once.

Data analysis {#s2d}
-------------

Activity events were registered as the number of times the infrared light beam was broken by a moving fly within successive 10-min intervals. These numbers were recorded using an IBM computer and assembled into a 'double-plotted' actogram format ([@i1536-2442-003-14-0001-cymborowski3]). Subsequent periodogram analysis and calculations of period (τ) of free-running rhythms were carried out as previously described ([@i1536-2442-003-14-0001-cymborowski6]) and was similar to that used by [@i1536-2442-003-14-0001-sokolove1]. Values were analyzed by Statistica Programme and are expressed as mean ± SD. Significance was considered at P\<0.05.

Results {#s3}
=======

Effect of 5,7-DHT injection on the level and phase of circadian locomotor activity {#s3a}
----------------------------------------------------------------------------------

The distribution of free-running period for flies kept at 26 °C in constant darkness before 5,7-DHT treatment was 22.63 ± 0.73 h for 83 flies, and showed little change over the duration of the pre-treatment recording (8--10) days. After administration of 0.5 mM of 5,7-DHT there was a substantial reduction in the level of locomotor activity of all flies investigated. Representative actograms are shown in [Fig. 1](#i1536-2442-003-14-0001-f01){ref-type="fig"}--[3](#i1536-2442-003-14-0001-f03){ref-type="fig"}.

Some insects injected with 0.5 mM of drugs regained their pre-injected level of locomotor activity after 2--3 days ([Fig. 1](#i1536-2442-003-14-0001-f01){ref-type="fig"}). In a further study it was found that this compound causes phase shifts depending on the time of injection. It delayed the phase when 5,7-DHT was injected in the early subjective day ([Fig. 1](#i1536-2442-003-14-0001-f01){ref-type="fig"}) and advanced the phase when injected in the late subjective day ([Fig. 2](#i1536-2442-003-14-0001-f02){ref-type="fig"}). In about 5% out of 83 investigated animals there was a clear arrhythmicity that started on day 2 after the drug injection ([Fig 3](#i1536-2442-003-14-0001-f03){ref-type="fig"}). The average activity duration (α) was 1.54 ± 0.60 movements/24h of recording comparing with drug treated flies in which this value hardly reached about 0.26 ± 0.11 movements/24 hours ([Fig.4](#i1536-2442-003-14-0001-f04){ref-type="fig"}). It seems that locomotor activity rhythms can be best characterized by activity/rest (α/ρ) coefficient. This ratio is an important parameter in determining the effects of a given time cue on an insect\'s activity rhythm, especially in the absence of a change in τ ([@i1536-2442-003-14-0001-pyza1]). In control insects there were no changes in phase of the rhythms and the mean coefficient was close to about 0.32 ± 0.19, whereas after drug injection dropped down to about 0.06 ± 0.02 (p\<0.001).

Effect of drug injection on the period of circadian locomotor activity rhythm {#s3b}
-----------------------------------------------------------------------------

The most pronounced effect of 5,7-DHT injection was seen in the case of period (τ) of circadian locomotor activity. All pre-treated flies had period τ shorter than 24 hours with mean of 21.80 ± 0.84 hours ([Fig. 5](#i1536-2442-003-14-0001-f05){ref-type="fig"}). After drug injection all insects significantly (p\<0.001) lengthened their period τ with mean of 24.70 ± 2.13 ([Fig. 5](#i1536-2442-003-14-0001-f05){ref-type="fig"}). Percentages of all investigated flies having different period τ before and after drug injection are included in [Fig. 6](#i1536-2442-003-14-0001-f06){ref-type="fig"}. The highest percentage (about 45%) of control flies had a period between 21--22 hours, whereas after treatment in some cases the period exceeded even 28--29 hours ([Fig. 6](#i1536-2442-003-14-0001-f06){ref-type="fig"}).

Discussion {#s4}
==========

The locomotor activity rhythm of the blow fly, C. vicina has been studied previously and the present study confirms the pattern of the blow fly\'s activity and the period of its circadian rhythm as previously reported ([@i1536-2442-003-14-0001-cymborowski5]). A previous study also showed that a circadian clock regulating this rhythm is located in the central part of the brain because removal of the optic lobes did not disturb this rhythm ([@i1536-2442-003-14-0001-cymborowski6])

Flies with 5,7-DHT injected into the abdomen showed that the locomotor activity rhythm different from that of controls injected only with solvent. Injection of the drug resulted in significant reduction of the activity level. Reduction in the level of locomotor activity in the cricket (A. domesticus) was also observed after injection into the hemolymph of reserpine and LSD, which depleted the nervous system of biogenic amines, including serotonin ([@i1536-2442-003-14-0001-cymborowski1]). Injection of serotonin into the protocerebrum of this insect resulted in a gradual increase in locomotor activity levels ([@i1536-2442-003-14-0001-cymborowski7]). It is interesting that treated flies usually needed 2--3 days for the activity to decrease. Probably during this period of time, the serotonin level in the brain gradually decreases. In crickets (G. bimaculatus) after injection of this drug into the optic lobe the serotonin level was reduced to 50% of that in the Ringer\'s injected animals when examined 4 weeks after injection ([@i1536-2442-003-14-0001-germ1]).

In addition to the behavioral and pharmacological studies ([@i1536-2442-003-14-0001-cymborowski7], molecular correlates of behavioral state (rest and activity) in insects were identified ([@i1536-2442-003-14-0001-greenspan1]). Most significantly, it was found that several genes that were upregulated during waking versus rest in Drosophila melanogaster correspond to genes that are upregulating during waking wersus sleep in the rat. One of the genes exhibiting state-dependent expression is an enzyme involved in the catabolism of serotonin, dopamine, and octopamine, arylalkamine acetyltransferase (aaNAT), also known as dopamine acetyltransferase (Dat), ([@i1536-2442-003-14-0001-maranda1]). Its expression is 70% higher during waking and 50% higher after sleep deprivation ([@i1536-2442-003-14-0001-shaw1]). These findings suggest a potential role for serotonin as modulator of circadian rhythms in insects including the regulation of locomotor activity.

A common property of the circadian system is its sensitivity to light pulses and various non-photic treatments. This sensitivity is best characterized by a phase response curve that plots magnitude and direction (advance or delay) of the phase shifts caused by single pulse, as a function of the phase in the circadian cycle at which the pulses are given. ([@i1536-2442-003-14-0001-pittendrigh1]; [@i1536-2442-003-14-0001-page1]; [@i1536-2442-003-14-0001-cymborowski3]; [@i1536-2442-003-14-0001-cymborowski4]). In contrast to the light pulse phase response curve, that for 5,7-DHT treatment is of "inverted" type with phase delay in the early subjective day and phase advance in the late subjective day (see [Figures 1](#i1536-2442-003-14-0001-f01){ref-type="fig"} and [2](#i1536-2442-003-14-0001-f02){ref-type="fig"}). This suggests that this drug exerts its phase control through the "output" pathway from the clock to the regulated system (overt activity) via serotonin (5-HT), a physiological factor that may act as internal Zeitgeber by feeding onto overt rhythmicity activities such as locomotion ([@i1536-2442-003-14-0001-saunders2]).

The present results also show that 5,7-DHT injection caused changes in the period (τ) of circadian locomotor activity. Changes in period after single light pulses have been described so far ([@i1536-2442-003-14-0001-pittendrigh1]; [@i1536-2442-003-14-0001-eskin1]). For example in rodents, exposure to single 15 min light pulse caused increases in τ associated with phase delay, and decreases in τ associated with phase advances ([@i1536-2442-003-14-0001-pittendrigh2]). It was suggested that phase-dependent changes in τ had a functional significance in the entrainment phenomenon ([@i1536-2442-003-14-0001-pohl1]). Photic entrainment in some insect species imparts a stable behavioural rhythm long after the entraining photoperiod has ended. This was the case with cockroach Leucophaea maderae, which strongly entrains to different photoperiods. ([@i1536-2442-003-14-0001-page2]). For example, when cockroaches were entrained to T22 and T26 h days, the τ in constant darkness was 0.7 h shorter in T22 than in T26 h days and lasted for 40 days of recordings.
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==================

![Locomotor activity rhythms (actograms) of the blow fly, Calliphora vicina in constant dark at 26 °C (double plotted). It shows unperturbated free-running activity with τ = 20.9 h in the pre-treated fly. On Day 9, 0.5 µg of 5,7-DHT in 1µl of insect saline/ascorbic acid was injected (arrow) in early subjective day. This caused phase delay by a few hours. The level of locomotor activity was greatly reduced and period was lengthened to 21.4h. The reduction in activity level started 2 days after drug injection and after 4 more days normal level of locomotor activity was regained. Periodograms for the appropriate sections of the activity records are shown alongside the actograms. Lines are drawn through activity periods for better visual inspection of the phase shifts.](i1536-2442-003-14-0001-f01){#i1536-2442-003-14-0001-f01}

![Locomotor activity rhythms of Calliphora vicina under constant dark conditions. The drug injection in the late subjective day caused a phase advance and lengthening of τ from 20.3h before treatment to 22.6 after administering the drug. Also the level of activity was very low after treatment. Further explanation see [Figure 1](#i1536-2442-003-14-0001-f01){ref-type="fig"}.](i1536-2442-003-14-0001-f02){#i1536-2442-003-14-0001-f02}

![Actograms (double plotted) of a rhythms of the blow fly in constant darkness before and after injection of 0.5 µg of 5,7-DHT in 1 µl of insect saline/ascorbic acid on Day 10. After drug injection fly became completely arrhythmic with a substantially reduced level of locomotor activity. For further explanation see [Figure 1](#i1536-2442-003-14-0001-f01){ref-type="fig"}.](i1536-2442-003-14-0001-f03){#i1536-2442-003-14-0001-f03}

![Mean locomotor activity (α) per 24 h of recording and coefficient (α/ρ) before injection of 5,7-DHT and after treatment with this compound. Both parameters were significantly (p\<0.001) reduced after drug injection.](i1536-2442-003-14-0001-f04){#i1536-2442-003-14-0001-f04}

![Mean (± SD) length of the period (τ) in hours before and after treatment with 5,7-DHT drug. The period after treatment significantly (p\<0.001) increased.](i1536-2442-003-14-0001-f05){#i1536-2442-003-14-0001-f05}

![Cumulative percentage of all investigated flies having different period τ before (rhomboid symbols) and a after 5.7-DHT treatment (square symbols). The highest percentage (about 45%) of control flies had period τ between 21--22 hours, whereas after treatment in some cases the period exceeded 28--29 hours.](i1536-2442-003-14-0001-f06){#i1536-2442-003-14-0001-f06}
